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Plant breeders have exploited host variation for disease resistance since the beginning of the 20th century but only recently has attention been focused on the potential of exploiting host variation for response to beneficial organisms or biocontrol agents (3, 8, 31) . Several workers have observed variation among crop species in response to introduced beneficial microbes (2, 5, 24, 35) . Similarly, cultivars of a single crop treated with beneficial microbes can differ in plant-growth response (1, 4, 17) , degree of root colonization (10) , and ability to support biological control (9, 14, 20, 31, 32) . If these differences among cultivars for support of biological control are due to heritable traits, then it should be possible to exploit this genetic variation to improve disease management.
Although phenotypic differences for support of biological control have been reported, methods for quantifying such a trait and partitioning it from host response to the pathogen have not been developed. Because measurements of biological control are made in the presence of a pathogen, selection for biocontrol supportiveness in a breeding program must take into account differences in host response to the pathogen.
The ability to quantify cultivar differences in response to pathogens is influenced by the concentration of the pathogen inoculum. Intuitively, pathogen inoculum doses that result in close to 100% mortality will obscure potential cultivar differences that would be apparent at lower doses. Likewise, the ability to quantify biological control is affected by the inoculum dose of the pathogen, and it is often necessary to use high pathogen inoculum doses to measure biocontrol efficacy (11, 18) . Leeman et al. (19) found that various inoculum densities of Fusarium were needed to detect biological control on radish cultivars differing in their level of wilt resistance. Because measurement of host support of biological control requires measurement of both biocontrol efficacy and disease resistance, it is necessary to integrate information over a range of pathogen and biocontrol agent inoculum concentrations to measure both of these traits accurately.
Recently, epidemiological models of dose-response relationships in biological control have been used to describe the relationships among host, pathogen, and biocontrol agent over a range of inoculum concentrations (12, 23, 27) . These biocontrol models are extensions of disease models initially described by Van der Plank (34) . Johnson (12) extended the concept of host-pathogen models of disease to include host response to a biocontrol agent and proposed a model to predict disease as a function of the density of the pathogen and biocontrol agent. Montesinos and Bonaterra (23) developed a methodology for evaluating this and other models and used these models to estimate epidemiological parameters in several biocontrol systems. We propose that parameter values from such models can be used to quantify the host contribution to biological control in a way that will partition this trait from host response to the pathogen.
Here we report the development of a method to quantify host support of biological control using suppression of Pythium damping-off by Bacillus cereus UW85. We evaluated three pathogen dose-response models for goodness-of-fit to disease data on a range of plant hosts with three species of Pythium. To quantify biological control, we evaluated biocontrol dose-response models based on the three pathogen dose-response models for goodnessof-fit to data from tomato biocontrol assays, and we used parameter values estimated by nonlinear regression to quantify biocontrol supportiveness. Disease resulted in every pathogen-host combination evaluated in this study; however, in many cases the level of disease was different. When we observed differences among hosts in their response to the pathogen, we interpreted these to be due to host differences in resistance to the pathogen. Likewise, when we observed differences among hosts in their response to the biocontrol agent, we interpreted these to be due to host differences in support of biological control.
MATERIALS AND METHODS
Pythium inoculum preparation. Pythium isolate A25a was baited from field soil from Marshfield, WI, with the root of an alfalfa (cv. Agate) seedling; isolate L38 was obtained from turfgrass in North Carolina; and isolate E17 was isolated from the roots of an alfalfa plant grown at Hancock, WI. A25a, L38, and E17 were identified as P. torulosum Coker & F. Patterson, P. aphanidermatum (Edson) Fitzp., and P. aristosporum Vanterpool, respectively, by D. J. S. Barr, Agriculture Canada, Ottawa. Isolates were maintained on V8-juice agar plates (6) and transferred every 2 weeks. Isolates were transferred periodically to medium amended with either streptomycin (100 µg/ml), chlortetracycline (50 µg/ml), or rifampicin (50 µg/ml) to control persistent bacterial contamination of the cultures.
Zoospores were prepared and enumerated by methods previously described (29) . The three isolates differed in production of zoospores. A25a produced 10 5 to 10 6 zoospores per ml 4 h after the final water change. Isolates L38 and E17 typically produced 10 3 to 5 × 10 4 zoospores per ml 4 to 8 h after the final water change. Occasionally, isolate E17 had to be incubated longer, and the plates had to be rinsed several times to obtain zoospores. Zoospore inoculum was diluted to the desired concentration with sterile distilled water.
Pythium dose-response experiments. To examine the effect of Pythium dose on seedling disease, we evaluated the response of eight plant species to inoculation with three Pythium species in growth-chamber assays at 24°C and 40% relative humidity, with 12 h of continuous light (415 µE m -2 s -1 provided by fluorescent bulbs) per 24-h period. Seeds were surface-disinfested by sequential soaking for 30 s each in ethanol (70%), sodium hypochlorite (1%), and distilled water and dried in a laminar flow hood. For each experimental unit, we filled a 112-ml waxed cup, which had four holes punched in the bottom for drainage, with 60 cm 3 of autoclaved medium-grade vermiculite (Strong-Lite, Pine Bluff, AR), planted five seeds in the cup, and placed it in a 28 × 56-cm plastic tray (Hummert Int., Earth City, MO). We prepared four 10-fold dilutions of the zoospore suspension of each Pythium species for use as inoculum. We applied the zoospore suspension as a drench. Inoculum concentration is expressed as the number of zoospores applied divided by the number of seeds planted. From the results of preliminary experiments (data not shown), we knew that isolates E17, L38, and A25a differed in the concentration of zoospores necessary to cause a given level of disease. To account for these differences, we staggered the highest concentration applied for the Pythium isolates such that the highest dose for E-17, L38, and A25a was 10 3 , 10 4 , and 10 5 zoospores per seed, respectively.
The experimental design was a randomized complete block arranged in a split plot with four replications in time. The 13 main plots (plastic trays) were the 3 Pythium isolates, each at 4 zoospore concentrations and 1 distilled water control. Three cultivars of each of the eight plant species (Table 1) comprised the twentyfour subplots (cups). After planting, we added 4 liters of water to each tray, pipetted 1 ml of zoospores or water into each cup, and covered the trays with clear plastic domes (Hummert). During the experiment, we added water to the trays as necessary to maintain the water level in the tray that was present at the beginning of the experiment. We assessed the incidence of seedling damping-off disease by counting the number of plants that emerged in each cup.
On the twelfth day after planting, we cut root segments (1 to 2 cm) from two arbitrarily selected seedlings from each cup, soaked them in sodium hypochlorite (1%) for 30 s, rinsed them in sterile distilled water, and placed them on water agar (WA) plates held at 24°C. After 2 days, we scored the roots for the presence of Pythium-like mycelial growth. The leading edge of any Pythiumlike colonies that appeared was transferred to V8-juice medium, cultured for 2 days, and compared microscopically to the inoculum isolate to confirm the pathogen's identity. All three isolates exhibited distinct growth phenotypes on both WA and V8-juice medium, and we, therefore, could distinguish them confidently by visual inspection, allowing us to detect any possible cross-contamination.
Pythium and UW85 dose-response experiment. We examined the effect of both P. torulosum and UW85 on tomato seedling emergence in growth-chamber assays. Experiments were conducted as described above, except we planted seeds in 72-cell inserts (Hummert) that fit inside the planting trays rather than in waxed cups.
Tomato seeds. We chose six tomato lines from a BC 1 S 4 population produced from a cross between Lycopersicon esculentum L. cv. UC82B and L. pennellii L. accession LA716, with UC82B as the recurrent parent. We obtained the BC 1 S 2 generation of this population from J. Nienhuis and produced the BC 1 S 3 and BC 1 S 4 lines in the field by single-seed descent. We bulked the fruit from individual plants, cut each fruit transversely, and scraped the seeds and gel from the locules into glass beakers. We added 6 M HCl, 8 ml per 100 ml of seed and gel, and let the mixture sit for no longer than 30 min. We strained the seeds though a colander, put them in a beaker, soaked them in 10% trisodium phosphate for 30 min, rinsed them with water, and air-dried them on paper towels. UW85 seed treatment. We evaluated four doses of B. cereus UW85 for its potential to suppress disease caused by P. torulosum on six tomato lines. We grew UW85 in 1 /2-strength tryptic soy broth (Difco Laboratories, Detroit) for 4 days at 29°C to obtain fully sporulated cultures as described previously (28) . To generate a range of UW85 doses, we diluted bacterial cultures with sterile water in 1:1, 1:3, and 1:7 (culture/sterile distilled water) ratios. We counted the seeds to be treated into 200-µl pipette tips (Research Products International Corp., Mount Prospect, IL) arranged in a pipette-tip box modified to allow us to create a vacuum inside the box. We added the bacterial suspension (100 µl) to the seeds in each tip and 3 min later applied a vacuum to remove the excess culture and dry the seeds. This system facilitated the treatment of different tomato lines with several concentrations of UW85 and minimized the time that seeds remained wet. We enumerated bacterial cells that adhered to the seeds by selecting one seed of each tomato line at random from each replicate, sonicating (Branson Ultrasonics Corporation, Danbury, CT) for 30 s in sterile water, and dilution plating on 1 /10-strength tryptic soy agar (Difco) plates. We incubated dilution plates at 24°C for 2 days and counted the CFU.
We planted seeds coated with various concentrations of UW85, 10 seeds per cell, in plastic planting trays we had filled previously with autoclaved vermiculite (40 cm 3 per cell). After planting, we added enough vermiculite to cover the seeds and added 4 liters of distilled water or zoospore suspension to each flat. We replaced the volume of water lost by evaporation every 12 h to maintain a constant level throughout the experiment. The experiment design was a randomized complete block arranged in a split plot. The five main plots were P. torulosum inoculated at 0, 25, 50, 100, and 200 zoospores per seed. The subplots were the six tomato lines untreated or treated with four concentrations of UW85. We evaluated untreated seeds at all pathogen doses, 1:1, 1:3, and 1:7 doses of UW85 at a 100 zoospores per seed dose, and undiluted, 1:1, and 1:3 doses of UW85 at a 200 zoospores per seed dose. Each of the 24 subplot treatments were replicated three times within a main plot, and the main plots were replicated twice in time. We counted emerged healthy seedlings daily until the experiment ended 12 days after planting. We selected two lines that differed in support of biological control based on the results of the experiment described above and, with the remaining seed, evaluated them in two experiments treated with undiluted UW85 culture and inoculated with P. torulosum (50 zoospores per seed).
Data analysis. We converted emergence data to proportion seedling mortality, using as the denominator the emergence in the control that was not treated with Pythium or UW85 and subtracting this fraction from 1. Disease and biocontrol models were fit to these data, using the Statistical Analysis System nonlinear regression procedure NLIN with the Gauss-Newton method of iteration (SAS Institute, Cary, NC). Because these data can be expressed categorically, we chose to assess goodness-of-fit by the chi-square test to evaluate the null hypothesis (model = observed). We calculated the observed and predicted number of dead seedlings by multiplying mortality by the number of seedlings emerged in the uninoculated control. The confidence intervals for parameter estimates and asymptotic correlation coefficients were calculated by NLIN.
Models for host response to pathogen and biocontrol agent. We generated pathogen and biocontrol models using three nonlinear functions: negative exponential (NE), hyperbolic saturation (HS), and logistic (LG). In the pathogen models, each of these two-parameter functions relates mortality to pathogen inoculum dose (x) ( Table 2 ). Biocontrol functions relate the proportion of ineffective pathogen inoculum (x i /x) to a two-parameter function of biocontrol agent inoculum dose (z) ( Table 3) . The biocontrol models consist of a pathogen model in which the pathogen inoculum dose is multiplied by one of the biocontrol functions. All of the parameters in these models define either an asymptote, an effective dose (ED 50 ), or a rate of change in disease. Asymptote parameters, expressed as a proportion, correspond to the maximum potential for disease (in the pathogen model) or disease suppression (in the biocontrol model). The asymptote in the LG function is defined as 1, whereas in the NE and HS functions it is defined by a parameter. For all three functions, when the inoculum dose is 0, Y or x i /x is defined as 0, thus the models predict when there is no pathogen there is no disease and, likewise, when there is no biocontrol agent there is no reduction in disease. ED 50 parameters position the curve by defining the dose at which disease is half of the maximum. In the pathogen model, the ED 50 is the number of zoospores per seed that results in 50% of the maximum level of mortality, and in the biocontrol model, the ED 50 is the CFU per seed of UW85 that results in 50% of the maximum level of reduction in mortality. Rate parameters determine how rapidly disease changes with respect to increasing inoculum dose of either the pathogen or the biocontrol agent. Rate and ED 50 parameters can be interpreted as measurements of pathogen or biocontrol agent efficiency.
RESULTS
Evaluating disease on diverse plant hosts. Mortality increased with increasing inoculum dose for all three Pythium isolates on the 
Logistic cumulative probability e eight plant species; however, there were differences in the magnitude of the response of a host to the pathogens among the plant species. Analysis of variance conducted for each of the main-plot treatments (Pythium isolate at a single inoculum dose) indicated that the cultivar effect on seedling mortality was significant for only 1 of the 12 main-plot treatments. The plant species effect, on the other hand, was significant for 9 of the 12 main-plot treatments. Based on these results, we pooled the cultivar data for each plant species, and further analysis was based on the mean of the three cultivars for each plant species.
We quantified the host responses to the three Pythium isolates, using parameter values from dose-response models. Based on the P value for the chi-square test, the HS and NE models gave the best overall fit for the host response to the pathogen, whereas the LG model fit well for less than half of the pathogen-host combinations (Table 4) . In general, all three models gave a poorer fit to the data for P. aristosporum than for either P. aphanidermatum or P. torulosum. In some cases, none of the three models fit well for a particular host-pathogen combination, e.g., Arabidopsis and P. aristosporum (Table 4 ). In this case, the poor fit likely resulted from the lack of data at the asymptote portion of the curve, which would be inadequate to estimate L or Y max . Too few points in the steepest portion of the curve occurred with the combination of onion and P. aristosporum, which resulted in a reasonable fit to the data but very large confidence intervals for k (data not shown). In this case, the steepest portion of the curve occurs between inoculum doses of 0 and 1 zoospore per seed and is not shown on the graph.
Where the models gave reasonable fits to the data, the parameter values confirmed the expected differences in host response to the Pythium isolates, indicating that P. aristosporum was most aggressive (requiring the fewest pathogen propagules to produce disease) and P. torulosum was the least aggressive overall (Table 4) . Among the host-pathogen combinations that yielded good fits, there were some clear differences in host response to the pathogen. In general, corn and Arabidopsis showed the least disease caused by the Pythium isolates tested (Fig. 1 and Table 4 ). The relative disease severity among the plant species differed among the three Pythium isolates. Cucumber is one such example; based on K x values from the HS model, cucumber appears to be one of the most resistant hosts to P. torulosum but is relatively less resistant to P. aphanidermatum.
Quantifying host resistance to the pathogen. We selected the tomato-P. torulosum system for further study based on good fits for all of the pathogen models (Table 4) , ease of manipulation in this bioassay, and potential for future study of host genetics. The six tomato lines studied differed in their level of resistance to the pathogen. The largest differences among lines were apparent at the lowest pathogen dose (25 zoospores per seed), with mortality ranging from 40 to 80% (Fig. 2) .
We quantified these differences in terms of model parameter values by fitting the three pathogen models (Table 2 ) to mortality data from the pathogen dose-response assay. Because for the NE and HS models the asymptote model parameters L and Y max were very close to 1.0, we also evaluated one-parameter versions of these models by setting L and Y max = 1. In addition, other experiments in the tomato system resulted in 100% mortality when high pathogen doses were used (K. P. Smith, J. Handelsman, and R. M. Goodman, unpublished data), suggesting that 1 is an appropriate value for these asymptote parameters. Among the five models, the NE model gave the best overall fit to the data (Table 5 and Fig. 2 ). Poorer fits were associated with tomato lines in which there were insufficient observations at informative points of the curve, resulting in larger confidence intervals for parameter estimates. For example, NIJ 8 had no data points in the steepest portion of the doseresponse curve, had the poorest fit for any of the models, and had the largest confidence intervals for the rate parameters, k and δ, for the NE and LG models, respectively (Table 5) .
One concern when fitting two-parameter models is the possibility of over-parameterization, which is indicated by correlation between parameters. Asymptotic correlation coefficients for the six inbred lines ranged from -0.56 to -0.76 for the NE model and from 0.82 to 0.90 for the HS model, indicating that this may be a problem for the HS model in particular. For all of the tomato lines, the one-parameter versions of the NE and HS models had slightly poorer fits but also had smaller confidence intervals associated with the parameter estimate, allowing better discrimination of differences among the tomato lines. Using either the value for k or K x from the NE or HS models, respectively, to quantify the response to the pathogen, NIJ 66 was the most resistant, whereas NIJ 8 was the least resistant among the six lines (Table 5) . Quantifying host contribution to biological control. The six tomato lines also differed in their response to the biocontrol agent. These differences were most apparent when seeds were coated with a 1:3 (UW85/sterile water) bacterial suspension and inoculated with Pythium at 100 zoospores per seed. At these doses, there Table 4 . All of the models predict no mortality when the pathogen dose is 0, but in some cases (e.g., onion and P. aristosporum), the model intercepts the y-axis drawn at inoculum dose = 1 zoospore per seed.
was no reduction in mortality for NIJ 66 and a 68% reduction in mortality for NIJ 87 (Fig. 3) .
To quantify differences among host genotypes for support of biological control over the entire range of inoculum doses, we evaluated three biocontrol models based on the NE pathogen doseresponse model. In each of these models, the effective pathogen inoculum in the pathogen dose-response model is reduced by some function of the dose of the biocontrol agent. For example, a model based on the NE dose-response to the pathogen (Table 2) and the HS dose response of the pathogen to the biocontrol agent (Table 3) would be called NE/HS. We fit each of these models to seedling mortality of tomato lines treated with different doses of UW85 and inoculated with P. torulosum.
The dose of UW85 was measured as CFU per seed resulting from the application of various concentrations of bacterial suspension. For all tomato lines, there was a linear relationship between the amount of UW85 applied to and recovered from the seed (data not shown). However, there was a significant effect (P = 0.04) of tomato line on the amount of UW85 recovered from the seed at the 1:1 application dose. To account for the apparent host effect on the amount of UW85 that adhered to the seed, we used the amount recovered from the seed as the independent variable (z) for the regression instead of the amount applied to the seed.
The three biocontrol models evaluated included the NE pathogen model in conjunction with the NE, HS, and LG biocontrol components (Table 3) . We fit these models by assigning the values derived from the NE pathogen model (Table 5 ) to the pathogen parameters in the biocontrol models and estimated values for the biocontrol parameters. The NE/LG model failed to converge for all but one of the inbred lines. The NE/HS model had the best overall fit to the data based on the chi-square test but yielded very large and sometimes negative parameter values for the two tomato lines (NIJ 8 and NIJ 66) that had no response to UW85, so we also evaluated a variant of this model by bounding I max between 0 and 1 (Table 6 ). This resulted in more reasonable parameter values but reduced the goodness-of-fit slightly. Both NE/NE biocontrol parameters, A and c, differed among the tomato lines based on comparisons of the 95% confidence intervals. Excluding the two nonresponsive lines noted above, the NE/NE and NE/HS models ranked the lines similarly with regard to their support of biological control. NIJ 56 and NIJ 87 were the most supportive of biological control based on values for K z from the NE/HS model (Table 6) . When we evaluated a responsive (NIJ 56) and a nonresponsive (NIJ 8) tomato line again at a single dose of UW85 and P. torulosum in two experiments, we obtained similar results. UW85 reduced mortality 49 and 46% for NIJ 56 but reduced mortality only 11% in one experiment and actually increased mortality 36% in the second experiment for NIJ 8 (data not shown).
The NE/NE and NE/HS biocontrol dose-response models both yielded good fits to the data but differed in the way that the parameters quantified host support of biological control. Lines NIJ 8 and NIJ 66 were both clearly nonresponsive to UW85 (Fig. 3) . The NE/NE model fit estimates of 0 for these nonresponsive lines, whereas the NE/HS model fit negative values, which are difficult to interpret biologically (Table 6 ). Among the remaining four lines that were supportive of biological control, NIJ 16 was less so, as indicated by the values of either c or K z . For the four lines that did support biological control, the asymptotic correlation between parameters ranged from -0.51 to -0.71 for the NE/NE model and from 0.83 to 0.92 for the NE/HS model, indicating that over-parameterization may be more of a problem for the NE/HS model.
The size of the errors associated with parameter estimates also differed between the two models. If we calculate the ratio of the asymptotic standard error for the parameter estimate to the value of the parameter estimate, we can evaluate the degree of precision for parameter estimates. These ratios, averaged over the above four tomato lines, are 0.02, 0.24, 0.04, and 0.47 for A, c, I max , and K z , respectively. This would indicate that although the NE/HS model gives a slightly better fit to the data the NE/NE model provides parameter estimates with more precision. The latter attribute is important for accurate measurement of traits, which is necessary to distinguish differences among genotypes in genetic studies or breeding programs. Weighing the parameter criteria of interpretability, precision, and over-parameterization, in addition to model goodness-of-fit, suggests that NE/NE is the best model for quantifying biological control among the tomato lines in this system. Table 5 .
DISCUSSION
Extending the epidemiological principles of plant disease to include biocontrol agents will enhance our understanding of these complex systems. Two factors contribute to the challenge of measuring the host contribution to biocontrol efficacy. The first is variation in the host for resistance to the pathogen, and the second is the nonlinear response of the host to pathogen and biocontrol agent inoculum concentrations. We have taken these factors into account and tested an approach to quantify the host response to the pathogen and biocontrol agent by fitting dose-response models to seedling mortality data collected over a range of pathogen and biocontrol agent inoculum concentrations. For the models evaluated, we could estimate values for the pathogen parameters from data on host response to the pathogen, then estimate values for biocontrol parameters for a biocontrol model that was an extension of the disease model from data collected on host response to the biocontrol agent. In this way, we quantified host resistance to the pathogen first, then quantified host support of biological control.
Quantifying host responses to the biocontrol agent and pathogen. The dose-response modeling approach used in this study has several advantages for quantifying host resistance to the pathogen and support of biological control. Given a model that adequately describes the host response to the dose of the pathogen and biocontrol agent, it is possible to partition and quantify these two traits. This is particularly important for measuring the host effect on biological control when there are differences among host genotypes for resistance to the pathogen, as was the case for the six tomato lines in this study. Data obtained at relatively low pathogen doses provided the information necessary to quantify differences in pathogen resistance among tomato lines. However, the information necessary to measure host differences in support of biological control must come from disease data obtained at relatively high pathogen doses. At these high doses we could not detect differences among tomato lines for resistance to the pathogen, with the possible exception of line NIJ 66. These models provided the means to integrate information over a range of pathogen and biocontrol agent doses and accurately quantify these two traits.
Modeling dose-response relationships in biological control can provide insight into the interactions among host, pathogen, and biocontrol agent. In this study, the NE model described the host response of tomato to Pythium and assumes that pathogen prop- agules infect independently, as opposed to synergistically or antagonistically. This relationship holds true for other seedling diseases as well (13, 33) . The asymptote and rate parameters, L and k, respectively, from the NE model can be interpreted biologically as the maximum proportion of host individuals available to the pathogen and the efficiency of the pathogen in infecting the host, respectively. In the NE/NE biocontrol model, parameter A represents the proportion of the pathogen that is affected by the biocontrol agent, whereas c represents the efficiency of the biocontrol agent in suppressing the effect of the pathogen propagules. It is likely that different mechanisms of biological control, such as antibiosis, nutrient competition, or induced resistance, will result in different dose-response relationships and either affect parameter estimates of models used in this study or require different models to describe disease suppression.
We encountered some disadvantages to employing dose-response models to study interactions among host, pathogen, and biocontrol agent. To obtain precise parameter estimates, measurements at many different pathogen and biocontrol agent doses are required. In several instances in which we obtained poor fits or parameter estimates with large errors, there were insufficient data points at informative points in the dose-response curve. This experiment required more than 600 seeds for each tomato line to quantify pathogen and biocontrol parameters. Thus, the challenge is to obtain the most information on possible host responses using the available resources. Despite these limitations, we were able to distinguish quantitative differences among inbred lines for both host responses.
Another related problem is over-parameterization, which results from too few data points for the number of parameters in the model and is suggested by large values for asymptotic correlation coefficients among parameters. In the case of the pathogen doseresponse models fit to the tomato data, we were able to fix the asymptote parameter from both the NE and HS models, with only a small reduction in goodness-of-fit. These single-parameter models fit values for k and K x with smaller confidence intervals, allowing better discrimination among the tomato lines for host response to the pathogen.
Host effect on biological control. Our objective in this study was not only to determine whether a modeling approach would be useful to quantify epidemiological parameters of disease and biological control but also to determine whether the genotype of the host influences any of these parameter values. In the tomato biocontrol assay, we found differences among tomato lines for both resistance to the pathogen and support of biological control. That these two traits are independent is suggested by results showing that the two tomato lines representing the lowest and highest levels of pathogen resistance were equally nonsupportive of biological control (Figs. 2 and 3) . This implies that it may be possible to combine these two traits through breeding to improve disease suppression.
It is interesting to speculate about what specific attributes of the host, or interaction between the host and biocontrol agent, could result in superior biological control. Colonization of the spermosphere by the biocontrol agent is important for biological control of Pythium damping-off in pea (25) . King and Parke (14, 15) found differences among four pea genotypes in biological control but not in colonization. We have preliminary evidence that there are significant differences among tomato lines for support of growth of UW85 during the first 48 h after planting (K. P. Smith, J. Handelsman, and R. M. Goodman, unpublished data). Further work will reveal whether these differences correspond to differences in biological control.
Antibiotics also are believed to play an important role in biological control. B. cereus UW85 produces the antibiotic zwittermicin A, which inhibits pathogen growth (28) , and is correlated with disease suppression in the laboratory (30) . The accumulation of this antibiotic in media is influenced by specific amino acids, iron, phosphate, and plant exudate (22) . If the availability of these factors in the spermosphere is influenced by tomato genotype, then antibiotic production and disease suppression could be affected as well. In another biocontrol system, Kraus and Loper (16) Table 6 . measured transcriptional activity of the promoter controlling the expression of the antibiotic pyoluteorin, which is important for disease suppression by Pseudomonas fluorescens Pf-5, and found different patterns of activity on the spermospheres of cucumber and cotton. This suggests that the host can modify the expression of factors that contribute to the efficacy of biological control.
If the differences in biological control among the inbred lines we observed are heritable, then it should be possible to improve the ability of plants to support biological control through selection and breeding. One contribution epidemiological modeling of biological control can make to breeding is to identify selection environments that are most effective for identifying biocontrol-supportive genotypes. Screening germplasm in a breeding program is economical if done in a single environment and not over a range of pathogen and biocontrol agent doses, as was done in this study. However, information on the range of parameter values for disease resistance and biocontrol supportiveness in a plant population could facilitate identification of the environments that would be most likely to select for resistance to the pathogen from those most likely to select for support of biological control. We used the NE/NE model to predict disease for a number of theoretical plant genotypes by plugging in parameter values that are within the ranges we have found for tomato. Using these simulated disease data, we generated a response surface defined by the doses of pathogen and biocontrol agent and identified the conditions that reveal the greatest host variation for disease resistance and biocontrol supportiveness (K. P. Smith, J. Handelsman, and R. M. Goodman, unpublished data). These preliminary simulations suggest there are specific environments that will be more productive for selection of each of these two traits.
Tomato is an attractive host for exploring a genetic basis in hosts for interaction with disease-suppressive bacteria because it is a self-pollinated diploid that exists primarily as homogeneous, homozygous lines and has been used extensively for mapping simply and quantitatively inherited traits (7, 21, 26) . Our study, thus, lays the groundwork for use of tomato to estimate heritability and map locations of major loci affecting biocontrol efficacy and to identify important host attributes associated with strong biocontrol interactions.
Future work in our laboratory is directed toward gaining an understanding of how plant genes influence plant-associated microbes, particularly those that suppress disease or in other ways benefit the plant. We are conducting selection and breeding studies to enhance the ability of the host to support biological control. The coordinated improvement of plants and beneficial microbes to manage disease may increase the effectiveness of biological control and provide a sound alternative to the use of synthetic pesticides. The use of epidemiological models to quantify biocontrol parameters and genetically define genotypes of the biocontrol agent and host should significantly enhance our understanding of biological control.
